Fires associated with vehicles have the potential to impact on life safety and property protection. The fire severity characteristics of single passenger vehicle fires are presented in this paper by the total energy released, peak rate of heat release and the time to peak rate of heat release using experimental data collated from the literature. Risk-based fire design can be supported by data presented in a statistical form such that passenger vehicles are categorized by their curb weight and probability distribution curves are obtained for each fire severity characteristic. Analysis of the data shows that the total energy released and the time to peak rate of heat release are generally shown to exhibit an increasing trend with curb weight.
Introduction

Background
Fires in vehicles can impact on the life safety of the vehicle occupants and the people in the vicinity of the fire. Vehicle fires can also result in material losses both in terms of the vehicle itself but also to neighbouring property. Therefore it is prudent to understand the risks of vehicle fires and the need to potentially reduce their probability of occurring and/or mitigate the severity if a fire does occur. This review is part of a larger research investigation into risk-based fire safety of passenger road vehicles in parking buildings being undertaken at the University of Canterbury.
Heat release rate is an important fire severity characteristic relating to fire safety (Babrauskas and Peacock 1992) . The heat release rate time-history defines the growth of the fire and other related characteristics such as the peak heat release rate, the time to the peak and the total energy release which in turn determine some measures of the severity of the fire particularly when considering the impacts to people and property remote from the vehicle itself. Moreover, the fire environment can be assessed using the heat release rate information as input to a calculation. For example, the smoke layer height as a measure of tenability can be predicted by a computational model once the heat release rate is determined. In addition, the tenability components of smoke such as obscuration, toxic species and heat may need to be determined and these components can often be obtained as a function of the heat release rate. Thus, this review compiles the available heat release rates curves for a single passenger road vehicles from the current literature to form a resource for calculations such as the fire spread between vehicles, fire and smoke conditions in enclosures (such as car parks or tunnels), etc.
With the increased consideration of performancebased fire safety analysis in New Zealand and elsewhere, the design fire concept is a critical component for the design of buildings (Fleischmann 2008) . There is developing interest in using probabilistic assessment methods as part of a risk-based approach to performance-based fire safety design. These methods provide an objective quantification of risk which could lead to an optimization of the selection of fire protection measures in a cost-effective manner. Hence, there is a need to compile data in a statistical form and this review introduces a set of probability distributions for the heat release rate characteristics of passenger road vehicles. These distributions provide researchers and designers with a starting point for risk-based design of parking buildings or other similar structures that involve vehicles.
Vehicle classification
The definition of passenger vehicle used in this review is based on the New Zealand Transport Authority (NZTA) which states that it is a motor vehicle constructed primarily for the carriage of passengers, with not more than nine seating positions which include the driver's seating position, and either has at least four wheels or it has three wheels and a gross vehicle mass exceeding one tonne (NZTA 2012) . Therefore, the passenger vehicle data collected here are limited by this definition, which excludes other ground-based passenger vehicles such as buses, trains etc.
However even within the NZTA definition of a passenger vehicle there is likely to be a wide range of vehicle sizes and types so it is useful to consider classifying vehicles into smaller groups. There are numerous of ways to categorize passenger vehicles and different regulations and jurisdictions have a variety of definitions for the purposes of classification. Some of the most common classifications are the vehicle engine size, the vehicle dimensions (e.g. length, interior volume size), the vehicle seating capacity, the vehicle curb weight, age, or wheelbase (Opland 2007) . For this review the American National Standards Institute (ANSI) (American National Standard 2007) classification system based on the curb weight of the vehicle is adopted (Table 1) as the mass is identified in this paper as a key parameter related to the potential fire load of vehicles. For example, previous work by (Joyeux et al. 2002 ) provides total energy release values for five car categories such that the higher the average mass of the vehicles the higher the total energy released. Similarly research by (Shintani et al. 2004) shows an increasing linear trend for the correlation of body weight against total energy released from four vehicle fire experiments. As such, it seems reasonable to investigate further how the heavier the vehicle the more total energy that will likely be released during the fire. It is also useful to consider how the peak heat release rate and the time to peak heat release rate for vehicles changes as the vehicle mass increases.
To further argue for the classification of passenger vehicle by mass, data from the EU (2012) shown in Table 2 illustrates how vehicles are divided into bands determined on mass and also shows that the population of vehicles varies between different countries. Therefore a risk-based assessment on vehicle fires might need to account for this variation particularly if it is accepted that the vehicle mass relates to the severity of a vehicle fire.
However, this selection of classification has its own weaknesses considering that different weight classes do not necessarily directly relate to the amount of combustible material in a vehicle. Based on the report by (Swift 2012) , the usage of plastics/composites in light vehicles has been increasing steadily from 1960s up to 2010s. Thus, the age of the vehicles is also an important factor which may affect the severity of the fire and this is further investigated below. 
Vehicle fires
In order for fire to occur in a passenger vehicle there are three main elements that must be present. First are the combustible materials which include fluids such as engine fuels and oils, transmission oils, power steering fluids, brake fluids and lubricants; upholsteries; tyres; plastic materials such as in dashboards and bumpers; possibly the body work of the vehicle itself; and finally, any contents being carried in the vehicle. Second is the availability of oxygen depends on whether vehicle doors and windows are open (and/or break during the fire), the ease that air can reach other internal parts of the car plus the external ventilation if the vehicle is in an enclosure. Some of the experiments collated in this review include the difference in vehicle burning characteristics as a result of the degree of opening of the vehicle windows. The third element is the source of ignition. Common sources of ignition for vehicles are electrical faults, hot surfaces, mechanical failure and deliberate actions (Cheong et al. 2008) . The heat release rate curves for single passenger vehicles are obtained from several publications of large-scale calorimeter fire experiments dating back from 1980s to the late 2000s. The review is limited to single vehicles since multiple vehicle experimental data is sparse. From the heat release rate curves the focus is on three characteristics which can be directly obtained from the heat release rate curves; the peak heat release rate, the time to reach peak heat release rate and the total energy released. There is inevitably an overlap with previous work, in particular the study of design fires for vehicles in tunnels by (Ingason 2006 ) and the database of vehicle fires available from (Janssens 2008) . However, these studies did not consider any form of vehicle classification and corresponding statistical analysis of severity characteristics and there are experiments that are included in this study that post-date the work by (Ingason 2006) and (Janssens 2008) .
To achieve the objectives of the review, two components are presented. First is a collation and summary of the passenger vehicle fire experiments including an associated reproduction of the rate of heat release curve. Second is the distribution analysis which gathers the experiments into the specified weight-related classifications and suggests a distribution shape for each burning severity characteristic of interest. For this purpose the BestFit capability of the @RISK software (Palisade Corporation 2010) is used to process the data sets.
Collation of experiments
Summary descriptions
A total of 41 single passenger vehicle fire experiments are collated where details are obtained from the corresponding reference sources. For the ANSI classification, the mass of the vehicle is required but if a source did not explicitly declare the mass then other information is used. For example, where the make, model and the year of manufacture are quoted in the original source, then the mass is obtained from the manufacturer's vehicle specification manual. In some cases the make, model and/or year were not given, thus the mass of the vehicles were obtained using the make and models information from several car specification database websites (Automobile and Car Specifications 2013; Automotive Technical Specifications 2013; Car Technical Specifications 2013) . For the references which only specify the general model, a range for the mass of vehicles is collated. In some instances these ranges cross different classification groups and so these experiments are placed into groups which have the majority of the possible mass values for the vehicle model. Table 3 when they are grouped using the ANSI classification, however one vehicle is unclassified as there is insufficient detail provided in the original source material. From this point on, the experiments are compiled within its classification for the purpose of comparison and analysis.
Tables 4, 5, 6, 7, 8, 9, 10 and 11 provides a summary of the 41 experiments where each is given a unique identification code related to its ANSI classification which is used throughout this paper rather than the referring to the details of the experiment itself. The exact year of vehicle manufacture not always given in the source reference but typically the decade is identified. In some cases the year of manufacture could only be estimated from the year of the publication of the original source and the years for which the vehicle was available. Values for the mass are that of the vehicle without contents but in some cases the heat release rate data includes the contribution of additional contents included in the experiment. Mass values for experiments M6, M7, L5, L7, MED5, MPV3, MPV4, MPV5 and MPV6 are shown as ranges for reasons explained previously.
The 'Facility type' column is the type of calorimeter used which is most cases was either an open calorimeter that did not restrict air flow to the vehicle or a room calorimeter with limited ventilation paths. The 'Heat release rate evaluation method' column provides information on how the heat release rate curve was obtained from the experiment. However not all references were clear on the exact technique used and so the information provided here is limited by what can be interpreted from the original publication. 'Mass loss' indicates that a mass loss measurement technique was used; 'Convective calorimetry' means the heat release rate was established by using temperature measurements; 'Species-based calorimetry' means that the heat release rate was obtained using either O 2 depletion, CO 2 and/or CO generation while 'Oxygen depletion' means that the use of O 2 depletion was clearly stated in the reference. 'Other methods' means that the heat release rate was obtained either using chemical or radiative methods. 'Not mentioned' in the column means that it was unclear what method was used to evaluate the heat release rate curve.
The 'Condition' column provides some detail regarding the vehicle before the fire was started, in particular the degree of openness of any doors and/or windows. The 'Ignition source' column is the additional fuel used to start the fire while the 'Ignition location' column is the point of fire origin. Some of the resources have included the incipient stage in the heat release rate curves and this is clearly identified while for others the inclusion of an incipient stage is not clearly stated or no mention of the incipient stage is made. The status of the incipient stage is indicated in the specified column.
'Mass loss rate' relates to the rate of mass loss during the burning of the vehicle. 'Toxic product emission' relates to information regarding the toxic products produced or emitted during the experiment. The 'smoke production' relates to information regarding the production of smoke from the experiment. For these three items of information 'Y' in the column means that information is available in the resource while 'N' means that no information is available. The 'Reference and experiment date (ED), report submitted (RS) or date published (DP)' column is the information about the primary reference and about when the experiment was performed, or where no information is given then the date of the report was submitted is listed. If no experiment date and report submission date is available then the published date of the resource is shown.
Heat release rate data
The heat release rate curves presented in this paper are gathered by their classification group Figures 1, 2, 3 , 4, 5, 6, 7 and 8. The unit for heat release rate and the time are standardized to kilowatts (kW) and minutes respectively. So that the reader can easily get a sense of the relative magnitude of the data for each classification, the scales of the plots are fixed corresponding to the maximum of the heat release rate and time. However for heavy passenger cars, the first six plots (H1 -6) are scaled to 3,500 kW for heat release rate and 20 min for the time while the final plot (H7) is scaled to 3,500 kW for heat release rate and 100 min for the time. Similarly for MPVs, all the plots are fixed at the heat release rate of 6,500 kW however; for the time scale, the first three plots (MPV1 -3) are scaled to 10 min while the other three plots (MPV4 -6) are scaled to 70 min.
In experiment MPV3 the fire was extinguished after 4 min and for experiment MED3 it is not mentioned in the source why the fire stopped at 56 min thus making the data incomplete. Experiments H1, H2, H3, H4, H5, H6, SUV1, SUV2, MPV1, MPV2 come from a related set of sources in which were all suppressed after a specific time. These experiments were all representative of postaccident fires carried out for the NHTSA. and 3 min and 6 s respectively. A summary of the peak heat release rate, the time to reach the peak heat release rate and the total energy released is given in Tables 12, 13, 14, 15, 16, 17, 18 and 19 . If the information is not explicitly stated in the corresponding reference sources then it is obtained from the curves. The total mass loss of the vehicles during the experiment is also stated if it is available from the references otherwise the tables indicates "N/A".
Analysis and discussion
To perform further analysis of the data collected there are several factors that need to be considered. Firstly it is already noted that there has been a change in the types of materials used in vehicles over the 40-year span of experiments assessed in this work. These changes in materials have been notably in the plastics and composite content which have increased up to 181.4 kg (400 lbs) per vehicle in 2010s compared to less than 9.1 kg (20 lbs) per vehicle in the 1960s (Swift 2012) . These changes could result in differences in the fire severity characteristics of a vehicle even if the weight is the same due to changing amount and calorific value of the combustible materials. In addition it is also noted that the procedures, standards and/or protocols varied between each experiment which likely lead to different effects on the fire spread, availability of air etc. Finally it is important to note that the various heat release rate measurement techniques, namely mass loss rate, convective calorimetry and species-based calorimetry, could result in variability in the heat release rate measurements (Biteau et al. 2008 ) thus affecting the fire severity analyses.
As already discussed, this work will consider curb weight which is deemed sufficient for the purposes of the wider research objectives associated with a riskbased fire safety of passenger road vehicles in parking buildings. However even this grouping already reduces the data set size to a maximum of seven experiments which challenges any statistical analysis. The factors that include the age of the vehicle, the heat release rate measurement technique, the ignition conditions, the availability of air etc. mean that any analysis that groups the vehicle data together will result in heterogeneous data sets to some degree. It is not possible to create absolutely homogenous data sets that also provide sufficient items of data to be meaningful.
Vehicle age
Since it is noted that the amount of combustible materials in vehicles has changed over time, a vehicle age analysis for the 41 experiments is carried out. The data collated in this paper includes passenger vehicles manufactured of a span of 40 years however not all of the references provided the exact year of vehicle manufacture thus the experiments were divided into three age categories; experiments with the known year of vehicle manufacture; experiments with the known decade of vehicle manufacture and experiments with an estimated decade of vehicle manufacture based on the date of experiment, date of submission or publication of the source reference. Clearly the third age category introduces more uncertainty to the year of vehicle manufacture than the other two age categories. There are 20 experiments that give a known year of manufacture. However, from these 20 experiments there are limitations on the results from the 12 experiments H1, H2, H3, H4, H5, H6, SUV1, SUV2, MPV1, MPV2, MPV3 and U1 (all manufactured during the 1990s) such that they are not suitable for complete analysis. There are 11 experiments with a known decade of manufacture while the remaining 10 experiments only have an estimated decade of manufacture based on the date of the experiment, and/ or publication. For these 10 cases, five could only be dated somewhere between 1970 and the end of the 1990s, while three could only be dated somewhere between 1980 and the end of the 1990s, and the remaining two could only be dated somewhere between 1960 and the end of the 1990s. Figure 9 shows those dates for the first two age categories described above since data including the third age category gave widely dispersed results. It can be seen that 70% of the vehicles examined in this study were manufactured during the 1990s. Table 20 gathers the results for the 41 experiments for the mean and standard deviation of peak heat release rate (kW), time to reach peak heat release rate (min) and total energy released (MJ) for each classification. Table 20 suggests that the three fire severity characteristics generally increase with curb weight up to the Passenger car : Medium class where it is assumed that the combustible material content can be regarded as likely being reasonably homogeneous given a large majority of vehicles were manufactured during the 1990s. An assessment of these findings is provided later.
Fire severity analysis
However as noted earlier, there are limitations on the results from experiments H1, H2, H3, H4, H5, H6, SUV1, SUV2, MPV1, MPV2 and MPV3 as these experiments were suppressed prior to complete vehicle burnout or the data are otherwise incomplete. These limitations affect the usefulness of the statistics for Passenger Car: Heavy, SUV and MPV classifications and as a result, these curb weight classes are predominately excluded from the further analysis as the results would not likely represent the behaviour of vehicle fires for its class. Thus Table 20 also provides an analysis that excludes the 11 experiments listed above along with experiment U1 due to the lack of details.
Graphs of the total energy released, the time to reach the peak heat release rate and peak heat release rate are constructed for the four classifications with sufficient complete data, namely: Passenger Car: Mini, Light, Compact and Medium data sets. Additionally, four data points; three from MPV4, MPV5 and MPV6 and one from Passenger Car: Heavy (H7) are also included in the graphs. For experiments M5, M7, L5, L7 and MED5, horizontal bars are shown to represent the range of possible vehicle curb weights. Figure 9 The experiments' vehicle age distribution over four decades. Figure 10 shows there is a proportional increase in total energy released with the increment of curb weight where the average total energy released increases from around 3500 to 6800 MJ. A linear trend through the origin is fitted to the data with a relatively weak R 2 correlation value of 0.55. It is noted that the result from L3 appears as an outlier when compared to the remaining data and if this is excluded then the R 2 value increases to 0.72. The total energy release over the experiments considered can be approximated as 4.14 times the curb weight whether L3 is included or not. In comparison the vehicle mass categories proposed by (Joyeux et al. 2002) and the linear fit proposed by (Shintani et al. 2004 ) are shown in Figure 10 . It is clear that Joyeux et al.'s values (5028) Unclassified vehicle
Values shown enclosed in braces do not include those experiments that have been excluded from further analysis. It is useful to use the data to investigate whether the total energy released for a given vehicle category decreases as the vehicle age increases because of the changes in combustible materials over time. However since the majority of vehicles identified in this study are grouped in the 1990s age category and only the Passenger Car: Light curb weight classification spans more than two decades, it is not possible to get much in the way of firm conclusions on this issue. Figure 11 shows a graph of the average total energy release for the Passenger Car: Light curb weight classification for the best estimate of the decade of vehicle manufacture. Data for the 1980s consists of L3, L5 and L6 where the highest energy release is from L3 at 8000 MJ which is more than 60% greater than any other value recorded for this curb weight classification. If L3 is treated as an outlier, as previously, then the average total energy release reduces to 4483 MJ which still exceeds the 1990s result from the single L7 experiment. Using the information given by (Swift 2012) for the increase in the amount of plastics per decade, then a vehicle manufactured in (Drysdale, 2011) and if it is then assumed that only the increase in plastics contributes to the change in the total energy release then this would result in an increase in the range 800 -2300 MJ. From Figure 11 the change in total energy release is from an average value of 3400 MJ (L1, L2 and L4) expected value would be 4200 -5700 MJ compared to around 4134 MJ (for experiment L7) which is less than the lower estimated bound.
The time to reach peak heat release rate in Figure 12 shows a generally increasing trend as the curb weight class of the vehicles increases. A linear trend is fitted to the data up to the Passenger Car: Medium class due to limited adequate data sets for greater curb weights. However the fit only achieves an R 2 value of 0. 45 with scatter in the data increasing as the curb weight increases. The peak heat release rate in Figure 13 exhibits a very weak correlation with curb weight such that there is a reduction for the Passenger car: Compact class when compared to the preceding lighter class. Although other classes show an increasing trend against the increase of curb weight there is noticeable scatter in the data and so there is no attempt to fit a trend line.
Distribution analysis
Given the somewhat weak correlation for the linear fits to the total rate of heat release and time to peak rate of heat release it is worthwhile to further examine the data using statistical distributions. For this distribution analysis the curb weight classes Passenger car: Mini, Light, Compact and Medium are investigated as these groups had sufficient data available. In addition, a distribution that combines the passenger vehicles for these four curb weight classes is obtained in order to utilize a larger data set and provide a more generic distribution that encompasses the four classifications.
There are three methods used by the @RISK software for obtaining the best-fit probability distributions: the Chi-squared method, the Anderson-Darling method and the Kolmogorov-Smirnov method. For this particular analysis, the Kolmogorov-Smirnov method was chosen as this method is focused on the middle of the distribution. The outcome of the @RISK distribution fitting process is a ranked order of fitting statistics for each potential distribution shape where a smaller value indicates a better fit. Nevertheless, for this particular analysis, the selections of distribution shapes were not only based on the ranking of the fitting statistics values but also based on the distribution shapes that are commonly used and likely to be available in other software tools for further analysis, and also on selecting a consistent distribution shape for the various severity characteristics. For the fire risk analysis in parking building research the B-RISK model (Wade et al. 2013 ) is planned to be used for the analysis of fire spread between vehicles and so distribution shapes that have the potential to be used in this model have been selected. The distributions selected for the ranking in @RISK are Weibull, Beta General, Gamma, Lognormal, Log-Logistic and Triangular all with the lower bound fixed at zero where relevant. Tables 21, 22 and 23 shows the ranked order of distributions given by @RISK along with the associated fitting statistic. From this ranking it is decided that the Weibull distribution gives an acceptable overall result. It is clear that in some cases there is very little to choose between the fitting statistics for a given severity characteristic, for example although the Weibull distribution for the time to peak rate of heat release for Passenger car: Mini is the 3 rd ranked in the list, the fitting statistic only decrease from 0.21 to 0.24 between the top ranked Log-Logistic and the Weibull distributions. Furthermore although the Weibull distribution is ranked 4 th for the time to peak rate of heat release for Passenger car: Light the fitting statistic is still higher than the top-ranked distribution for the four other curb weight classifications. Table 24 shows the summary of the distribution analysis for four vehicle classifications and all vehicles with the suggested distribution statistics for peak heat release rate, time to reach peak heat release rate and total energy released. Figure 14 shows the frequency data and best-fit distributions for peak heat release rate, time to reach peak heat release rate and total energy released for the combined passenger vehicle data. The 5 th and 95 th percentile values for each distribution are also indicated in Figure 14 .
Conclusions and recommendations
Experimental data for 41 single passenger vehicles have been obtained from the literature. Grouping these experiments by the curb weight of the vehicles forms a useful classification system that can be related to vehicle population and severity where the severity is defined here as the peak heat release rate, the time to reach peak heat release rate and total energy released.
For curb weight classes up to Passenger car : Medium it is found that the average values for the three fire Figure 14 All passenger vehicle frequency data and best-fit distributions: (a) peak heat release rate, (b) of time to peak heat release rate, (c) total energy released.
severity characteristics generally increase as the curb weight increases. Previous studies have suggested there is a linear the increase in total energy released with curb weight. This study has also obtained a linear fit albeit with a relatively weak correlation. Similarly for the time to reach peak heat release rate a trend is also replicated in the plot of individual data. However, plotting individual results for the peak heat release rate do not clearly exhibit a strong trend that is suggested by the average values because of the scatter in the data. The literature has found that the amount of combustible materials such as plastics in vehicles has increased since the 1960s. Although the age of the vehicles assessed in this review spans around four decades, it is found that it is sometimes difficult to even ascertain the decade in which an individual vehicle had been manufactured. Of those vehicles for which the decade could be determined with reasonable confidence it is found that around 70% were manufactured in the 1990s and data that spans multiple decades is not generally available for each curb weight class. As a result it is not possible to fully investigate the impact of vehicle age on the fire severity characteristics and thus the findings presented in this review should be treated with some care.
Weibull distribution functions have been obtained for the curb weights up to the Passenger car : Medium class and the combination of these classes. These distributions can be used to assess single-vehicle peak heat release rate, time to reach peak heat release rate and total energy released in a probabilistic manner which can aid designers wishing to perform probabilistic assessment analysis for cost-risk-optimized fire protection design.
It is recommended that the heat release rate for single passenger vehicles is examined again in the future to account for changes in vehicle design, construction and use. Technological advancements will likely include changes in materials used in which could affect the fire behaviour of vehicles. All of the vehicles examined in this review are either petrol (gasoline) or diesel fuelled. For future experiments, it is recommended that research be conducted on vehicles using alternative fuels such as liquefied petroleum gas (LPG), hydrogen, electric power and solar power.
